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FLIGHET INVESTIGATION OF THE COOLING CEARACTERISTICS

OF A TWO-ROW RADTAL ENGINE INSTALLATION
IT - COOLING~-AIR PRESSURE RECUVERY AND PRESSURE DISTRIBUTION

By E. John Hill, Calvin C. Blackman, end James E. Morgan

SUMMARY -

Flight tests have been conducted at altitudes of 5000 and
20,000 feet to investigate the cooling-alr pressure recovery and
digtribution for a two-row radiasl engine enclosed in a low-inlet-
veloclty cowling of a twin-engined airplane. The effect aof flight
variables on average recovery and circumferential, radial, and
longitudinal distribution are presented for level flight; also
included is a comparison of pressure-drop measurements acroes the R
engine, as indicated by nine different combinations of pressure
tubes. ' fe——

The results of these tests showed that pressure recovery and
distribution can be greatly affected by changes in flight variables.
Thosge variagbles having the greatest effect were cowl-flap angle,
angle of attack of the thrust axls, and the propeller thrust dlsk-
loading coefficient. The tests further showed that large differences,
sanetimes emounting to 100 percent, were obtalned in the results
indicated by various methods of measuring pressure drop across the
engine, R

On the bagis of the results, it is observed that an important
consideretion in the design of cowlings and cowl flaps should be
the obtaining of good distribution of cooling alr, as well as minimum
drag for the installstion. The fact that these tests showed that the
front recovery decreased wilth an lncrease in propeller thrust disk-
loading coefficient provides additional evidence that the recovery is
greatly affected by the combined propeller-nacelle design. Also of T
gigniflicance 1s that a large Increase in front recovery in these o
tests resulted in a simllar lncrease in rear pressure, indicating
that an “increase in the front rscovery of an air-cooled sngine is not
always an effective method of increasing the cooling-air flow.



NACA TN No, 1109 e

INTRODUCTION

A £light Investigation of a two-row radlal engine enclosed in
a low-inlet-velocity cowling was undertaken to determine the cooling
characteristics of the installatlion at altituds. The introductory
report of thisg investigation (reference 1) was concerned with the

correlation of the engine cooling variables at altitude by the method
described in reference 2 and the adaptability of this correlation for
the determination of the general cooling performance of the engine

ingtallation. .

The present report is a study of the cooling-air pressure
recovery and distribution within the engine cowling. The distribu-
tion of cooling-air flow ig one of the important factors that control
the distribution of temperature among the cylinders of an air-cooled
multicylinder engine. Inasgmuch as efficient engine operation postu- -~
lates a relatively uniform temperature distribution in order to
minimize coollng drag and to develop meximum power and fusl economy,
a study of the factors controlling cooling-alr distribution is of
congiderable importance.

The quantity of cooling air flowing over the individual cylinders
of an air-cooled engine 1s mainly a function of the pressure drop
acroge the cylindsr. This pressure drop is determined by the pressure
recovery end distribution at the front and the rear of the engilne,
which in turn are &ependent upon the cowling design, flight conditions,
and engine conductivity (a nondimensional factor indicative of the
resistance to cooling-alr flow through the engine). A large number of

vind-tunnel and flight investigations have been made involving cooling-

alr pressure recovery and average pressure drop but they have been
aBsociated mainly with the problems of optimum cowling design. Little
work has been reported concerning the effect of flight variables on
the distribution of cooling-air flow.

An investigation was made at the NACA Cleveland laboratory of
the cooling-zir pressure recovery and distribution throughout an
alr-cooled engine instasllation end of the effect of important flight
variebles on recovery and distribution during level unaccelerated
flight. The results ere, in detail, applicable only to this engine
Installation; however, in the discussion an attempt is made towards
a general Interpretation of the results. A gtudy of uverags cooling-
alr prussure recoveriecs and circumferential, radial, and longitudinal
pressure dlsgtribution is included. The variables investigated wors:
(a) airplane speed, which influences the pressure available for
cooling the engine; (b) cowl-flap angle, which changes the resistance
to alr flow through the cowling and nlso effects the cowl-exit pres-
surc; (c) engle of attack of the thrust axis, which influences tho
characteristice of eir flow into the cowling; (d) propsller thrust
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disk~-loading coefficlent, which is a measure of the presgsure rise
across the propeller; and (e) propeller speed, which affects the
rotation imparted to the air. A comparison of different pressure-
drop measurements across the engine is also included.

SYMBOLS AND COEFFICIENTS

The following symbols are used in the anglysis of the investi-
gation:

Cg speed-power coefficient, A2/ pVo/P N2

D dismeter of propeller

H total presgsure above atmospheric static pressure

N propeller rotational speed

P power absorbed by propeller

he) gtatic pressure above atmospheric static pressure

Ap pressurs drop across engine

de free-gtream impact pQ;ssure ) e
nDz

S propeller-disk area, e

T thrust, P n/V

T, thrust disk-loading coefficient, 'I'/q_cS

v velocity relative to alr stream

V/ND propellsr advance-diameter ratio T T

o angle of attack of thrust axls

B blade angle of propeller at 0.75 radius T

1 propeller sfficiency

o] megs density of free stream
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Subscripts o
ase average engine .
b barrel

9 exhaust side of cylinder —
fr front row

h head

i intake side of cylinder

rr regr row

t top of cylinder

1l to 8 logitudinal stetions relative to cylindexr

APPARATUS AND METHODS

Alrplane and engine. - The investigation of cooling-air pressure
recovery and distribubtion was conducted on the right engine installa-
tion of a twin-engined sirplene (fig. 1). A sketch of the cowling
wilth charge~air and oil-cooler ducts 1s shown in figure 2. The
cowling is of the short-nose type without entrance &iffuser and with
cowl flaps located on both sides of the lower portion of the nacelle,

Very little exit area is provided for the cooling-sir flow from the
cowling except through the cowl flaps, which remain partly open even
in the "full-closed" position. The test engine was of the 18-cylinder,
double-row radial, air-cooled type having a gear-driven, single-gtage,

two-speed supercharger. The conventional propeller reduction gear,
which had a ratio of 2:1, was vepldced with a torquemeter having the
same ratio.

The propeller was four-bladed, 13% feet in dismeter, and of the

constant-speed type; it was fitted with cuffs and spinner that are
gtandaxrd for this installation.

Approximate normal flight conditions for the airplane at a
gross welght of 30,000 pounds are given in the following table for
level £light at altitudes of 5000 and 20,000 feet for take-off and
for climb:
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OperatingjAltitude |Brake Engine |Indicated|Angle of Cowl~
condition| (ft) |korse- speed |airspeed jattack of |flap
power (zpm) (mph) |thrust axis{posi-
per engine { (deg) tion
Low-power; 5,000 800 ; 1800 195 4 Closed
cruilse 20,000 800 1900 170 6 Closed
Normal 5,000 1050 2100 220 3 Closed
crulse 20,000 1050 2300 185 4 Closed
Rated 3,000 1500 2400 255 1.5 Cloged
power
Climb  [-~==---- 1250 2400 170 |m=mmmm————— Open
Take-off |~-~we=w- 1850 2600 110 |eeemmmmmae- Open
Instrumentation. ~ The relative location of all pressure tubes

is shown in figure 3.

The cooling-air pressure in front of the

engine was measured by shielded total-pressure tubes on rakes (in
front of four cylinders only), total-pressure tubes at the baffle

entrance, and

and by tubes placed on the head baffle that butts against
the sealing ring of the cowling.

given in table I.

the top rear-row cylinder,

A diagresmmatic gketch of the system used for measuring the pres-

sures 1s shown in figure 4.
30-cell and single~cell recording manometers and by a 100-tube
ligquid-manometer board photographed in flight,

The 30~cell manometer
congists of 30 differential-pressure cells in conjunction with seloc-

Pressures behind the engine wers
megsured by open-snd tubes in stagnant regions and by total-pressure
and closed-end static-pressure tubes downstream from the cylinder.
Copper tubing of 1/8-1nch diameter was used for all pressure tubes;
the designation, type, and exact location of the pressure tubes are
The cylinder numbering system used in the table
and throughout the report is conventional; the cylinders are numbsred
clockwise when viewed from the rear of engine with cylinder 1 being

The presgures were recorded by NACA

tor valves and permitted an accurate recording of 254 presaures

(including reference pressures) within 35 seconds.
liguid-manometer board was conmscted to a two-bank, 10C-tube selec-
tor valve enabling the photographing of two consecutive sets of

ressures.

reference line for the manometer board.
both the 30-cell recording menometer and the 100-tube liquid manom-

The 100-tube

Of these 200 pressures, 12 were used to establish the

The reference pressure for

eter was the boundary-layer static pressure obtained by a flush
orifice in the bottom of the fuselage.

The freoe-gtream sgtatic pressure was meesured by a callbrated

swiveling stabic-pressure tube mounted on a boom extending 1 chord
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length shead of the right wing tip end was continuously recorded by
a single-cell manometer recorder. A continuous record was also
obtained of the differcnce between the fuselage static-orifice pres-
sure and the free-streem static pressure. Impact pressure of the
free-air stream was obtained from the record of the shielded totgl-
pressure tube and the Tree-stream static-pressure tube on the wing~
tip boom, SR

The angle of attack of the thrust axis for the level flights

was obtained by measuring the inclination of the thrust axis with
an inclinometer. Cowl-flap angle was obtained with a calibrated

electrical position indicator. The relation between cowl-flap angle

and cowl-flap exit ares is shown in figure 5.

Test and analysis procedure. -~ The analysis of the data wae
accomplished by comparing runs in which all of the conditions were
maintained approximately constant except for the variables being
investigated. The desired conditions could not always he maintained
orecisely constant but the pressures were generally little affected

by the variations that occurred. Various cowbinations of flight var-

igbles were possible by lowering the landing flaps and by extending

the landing gear, thus changing the drag of the airplane., A summary
of flight conditions as well as computed propeller ccefficients are
gaven in table II; figure numbers for the curves showing the teat
results are also included. The thrust disk-loading coefficient of
the propeller T, wes computed from brake horsepower, free-gtream
impact pressure g¢,, propeller-disk ares S, eand propel1er effi-
ciency 7. Information from the Propeller Div151on of the Curtiss
Wright Corporation wes used to set up the propsller-performance
curves (f*g, 8) from which the propeller efficiency was determinsd.

In order to show the degree of stability during the flights,
typical NACA pressure-cell records of free-stream impact pressure,
the fuselage static-crifice pressure, and pressure aliitude are
shown in figure 7 for one flight run.

RESULTS AND DISCUSSION

The discuseion of the results is divided into four parts:
(1) average recovery and circumferential distribution; (2) radial
distribution; (3) longitudinal distribution; and (4) comparison of
pressure-drop measurements, The engine cooling~alr pressures pre-

sented herein are shown as a ratio of the messured pressure to free-
stream impact pressure. This ratio for pressures in front of the
engine will be referred to as "front recovery."
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Average Recovery snd Clrcumferential Distribution

Effect of airplane speed. - The effect of changing sirvlane
speed, as normally accomplished by changing engine power, on average
engine cooling-air pressures (average for nine cylinders of one row)
for various stations in front of and behind each of the cylinder
rows with cowl flaps closed is shown in figure 8., Increased airplane
speed thua obtained is sccompanied by changes in other flight vari-
ables that are dependent upon the airplane and propellex-performance
characteristics. The front recovery, which was relatively low as
compared to wind-tunnel tests of cowlings of the same general type,
increased with airplane speed; an increase iun airspeed from 185 to
255 miles per hour resulted in an increase in recovery from 0.87 to
C.77. The average rear pressures were affected by incrsassd air-
plane speed approximately the same as were the front recoveries,
therefore making the ratio Ap/qc a constant at varled airplane
speed for closed cowl flaps, This trend indicates that the cooling-
alr weight flow would increase only slightly for this installation
with an increase in front recovery.

The effect of increased airplane speed on the circumferential
rregsure distribution at various locations in the nacelle with cowl
flaps closed is presented in figure 9. The front pressures show an

improvement in the pattern with an increase in airplane sveed, which

results from a larger increase in the pressures on the top of the
engine than at the bottom. The improvement in distribution in front
of the engine as well as the increase in average pressure recovery
wag the combined result of changes in thrust disgk-loading coefficient
and angle of attack of the thrust axise, which will be discusssd later.
The distribution downstream of the cylinders was not noticeably
affected by the increase in speed for closed cowl flaps.

Effect of cowl-flap oxit area. - The front recovery was affected
only slightly by increazsing the cowl-flap exit area at cruising con-
ditions although it tended to decrease in front of the rear row
(fig. 10). The rear pressures showed an average decrease of about
0.15 g, with the pressures behind the front-row barrels being least
affected. Consequently, the decrease in rear pressure with an
increase in cowl-flap exit area gresatly increased the Ap/qo ratio
across the engine. This result indicates that one way to increase in
cooling-alr weight flow ia to decrease the flow losses at the rear of
the engine and from the cowl exit without changing the cowl exi%t area.

The effect of cowl-flap exit arvea upon pressure distribution
is shown in figure 11l. The front-row baffle-entrance pressure dls-
tribution was affected very little by ovening the flaps; whereas the
rear-row baffle-entrance prossures were slightly decreased on the
outboard side of the engine (cylinders 3 to 9). The pressures on

7
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the inbosrd side were possibly influenced by the restriction formed
by the n=mcelle, wing, and fuselage. The distribution bshind the —
ongine was appreclebly arifacted by opsning the cowl flansg; tho e ——
decrsase in pressurss was aboubt 50 percent greater for the bottom T
crlinders in the region of the flaps than for the top cylinders, S
The low pressure behind the cylinders in the region of ths flaps T
together with the relatively high fromt recovery fcr the bottom
portlon of the engine results in a larger pressure drop acrozs these
cylinders, even when the flaps are in the full-closed position P ——
(46 percent full-open exit area, fig. 5). This difference in cyl- .
irder cooling-air pressure drop would result in a temperature dif- =~ .-
ference among cylinders for closed cowl flap, cruising operation L
of ebout 40° ¥, as calculated by the cooling-correlation equation B -
e8tablighed in reference 1; with the cowl flaps in full-open position N
a spread of approximstely 50° ¥ could be expected dus to cooling-ailr
flow distribution. From these calculatlions it is evident that the
largest part of the temmerature difference resulting from cooling-air
flow distribution was caused by entrance conditions and the circum-
ferential location of the cowl Tlaps, together with the fact that L
there was very little exit ares from the cowling except through the
flans,

The effect of openling cowl flaps on cooling-zir pressure o
recovery and distribution at a density altitude of 20,000 feet -
(fige. 12 and 1%) was similar, in general, to that at a density
altitude of 5000 feet (figs. 10 and 11) except that both the front
end the rear pressures decregsed slightly more at an altitude of
20,000 feet when the quantity of cooling-sir Flow through the englno
wes increased. The resulting Ap/a ratio for the various cowl-

flap exit areas was, however, app*ox1mately the seme for the two
eltitudes. .

Effect of angle of attack of thrust axis. - The effect of
ilncreasing tke angle of attack of the thrust axis upon pressure o .
recovery and distribution is shown in figures 14 and 15, respectively, .
for closed cowl flaps. All aversge pressures decressed because of a o
air spillage over the top of the cowling, The increased spillage =
grestly decreased the front pressure aveilable for cooling the top .
cylinders. Another contributing cause of the decreased pressures at )
the top of thke cowling was the blanketing effect of the spimner at
high angles of attack of the thrust axis. This decrease in tke pres-
gures 1n front of the top cylinders may become more important atb
groater sngles of atitack such as ars encountered in take-off, climb,
or high-load conditions; in this event, the temperature distribution
would be apprecliably affected. The bottom pressures were less T TT==
effected and in some cages were increased with increased angle of :
attack owing to improved entrance conditions at the bottom of the T
cowling. The rear pressurs distribution remained egsentlally the
game,

8 .
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The flow characteristics of the cooling alr into the cowling
were verified by observing tufts attachsd in front of the engine
at the entrance snd on tre inside of the cowling. The air flow was
noted to be relatively steady in the bottom portion of the cowling
exd unsteady in the top portion whers spillage was readily apparent.
An adverse pressurs gradient resulting from the sbrupt break in the
profile of the flow path at the rear of the spinner wee ind:cated

by tufts around the reduction~-gear housing.

Effect of wropeller thrust disk-loading coefficient. -~ The
effect on cooling-air pressures of the thrust disk-loading coeffi-
clent T,, which is indicative of the pressure rise across the
propeller, ls shown in figure 168, For oren cowl flaps s dacreosse
in front recovery of 0.10 resulted when the thrust disk-loeding
cocofTiclent was increased 0.19. The increase in this coefficient
was cvtained by decreasing the impact pressure. It was concluded
in reference 3, that the pressure available for cooling (cooling-
air pressure drop, as used in reference 3) is a direct function of
the thrust disk-loading coefficient. The increszse in pressure drop
with the corresponding increase in disk-loading coefficient (shom
in reference 3) was largely a result of an increase in front
recovery, espseciglly for closed cowl flaps where & change of slip-
etroam velocity has 1littls effect on the cowl-exit pressure. The
difference between the two sets of results is undoubtedly due to
the differences in the respective installstions, In the test
instellation used hereln, the root section of the propeller with
the cuffs apoveared to be very ineffective and the nacelle-propeller
diameter ratio wes only C.33, In cther installations where the
propeller-root sectlon is more effective or the nacelle-propeller

dismetor ratio larger, an incroase in tirust disk-loading coeffi- ~

cient would increase the pressure in front of the engine. The aver-

Age rear pressures of this ingtellation were decreased approximately
the same as the front recovery, which resulied in relestively little
change in the ratio Ap/qC when the front recovery was changed
altliough the cowl flapns were full open for thege flights.

The pressure-distribution pattern for the cylinder heads was
only slightly affected by the chenges in thrust disk-loading cceffi-
clent; whereas the top front-row cylinder-barrel pressures were
dscreaged more than other barrel pressures at the low-speed high-
thrust condition (fig. 17). This decrease indicates a large adverse
pressure gradient on the top of the reduction-gear housing resulting
in separastion from the spinner. The pressure-distribution pattern
in front of the rear-row barrels was unaffected by the poor flow
characteristics on top of the engine.
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Effect of propeller gpsed., - A variation of the propelier speed
and, congequently, of the advence-diemeter ratio V/ND head no
substantial effect upon the pressure recovery and distribution at
cruising power (figs. 18 and 19), although tke recuvery was increased
slightly at prcpeller speeds of 100C to 1100 rpm. Apparently the
variation in blade angle had very little effect upon the pressure
available for cooling in thig installation and the roteticon of sair
bshind the propeller was not sufficlently changed to affect the ST
distribucion within the cowling. ' ___ e

Comparison of baffle-entrance preossures on exhaust and intake
sides of cylinders. - The effects of alrplans speed, cowl-flap exit
area, angle of attuck of the thrust axis, and propeller speed on the
difference between the baffle-entranco pressures on the intake and
exhaust sides of the cylinder huads and barrels are shown in fig-
nre 20. The baffle-entrance pressures on the intake and exhaust
gide of the front-row heads and barrels werg very noarly equal in
all cases, Indicating nc approciable changs with operating condi-
tions. The rear-row hoad pressurss, howsver, wers low on the exhaust
side and thse barrel pressures were slightly high on the exhaust
side. Cowl-flap ex 't arsa was the only varlable that affected these
preaggure dlfferences, the spread between the pressurses of the two
sides wes increased as the cowl flaps wero opened. This effect was
leas noticeable for the barrels whare the pressurs difference was
small. T T

Redial Distribution - —

The distribution patterne presented in the preceding secction ] S
have Indicatsd that the radial distribution of total pressurs in
froant of ths engino and of static pressure at the rsar of the cngine
var'ed smong cylinders; three front-rcw and three resr-row cylinders
were selected Lo show this variation in the radial distribution at
Aifferent locations. The locations chogen were the tup of the Coe =

engine, the cowl-flap region, and the bottom of the engine.

Rapresentative plots of the radial pressure distribution at
verious airplane speeds, cowl-flap exit areas, and angles of attack
of the thrust axis are shown in filgures 21, 22, and 23, respectively.
Airvlane gpeed and sngle of abtack had no appr601ablu ¢ffect on the
digtribution sither in frent of or at the rear of the engine. Cowl-
Ilap exit arcw hed littls cffect upon the digtribution upstream of
+the engine although 1t tended to become less uniform for thoe bottom
cylinders as the cocling-alr flow was increasod because of the flow
characteristics of the 2ir untering the bottom of the cowling, Tho B
gredient of the static pressurces bwhind the cylinders was increesed e
with an incresese in cowl-flap exit arca, partlculurly for the

1G
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front-row cylinders. The difference in pressure gradients in front
of and behind the individual cylinders, however, was greater than
the change in gradient due to varied operating conditions,

The radial-distribubion patterns indicate that distinct differ-
ences exist in the radial pressure dlgtribution between the front-~
and rear-row cylinders. In this particular installation, the
entrance pressures for the front-row cylinders were highsst near
the middle of the cylinder; whereas, for the rear-row cylinders the
prossure was lowest near the middle with exception of the bottum
cylinders where more steble flow into the cowling prevailed. The
pressure distribution behind the engine cylinders was affected
largely by the circumferemtial location of the cowl flaps as indl-
cated by the large prossure gradient in the cowl-flap region.

When changes occur in the radial pressure distribution of a
glven installaetion or when like engines are placed in different
nacelles that do not have the same radial distribution, the differ-
ent engine air-flow conductivities and consequently the different
mags-{low pressure-drop relations that will result are important
considerations.

Longitudinal Distribution

The relations between the useful pressure drop across the cyl-
inders and the entrance and exit lossges of the cylinders have been
indirectly shown by the patterns of circumferential and radial
pregsure distribution. These relations are, however, more conven-
iently shown by plots of longitudinal distribution of preassure
through the engine. Such curves are presented in flgurees 24 and 25
for closed and open cowl-flap positions, regpectively. The distri-
bution at three circumferential locations around the engine and the
average digtribution are included. The total pressures ahead of
the cylinders are those measured by tubes at the baffle entrance.
Thege tubes {cn all front-row cylinders) were used for the presgsures
ahead of the englne and indicated pressures of approximatsly the
sams magnitudes as the shielded tubes in front of four cylinders of
the engine. The use of these tubes prevented determination of the
baffle-entrance losses to the front-row cylinders but these losses
were undoubtedly small. The pressures directly behind the cylinders
were measured by total-prossure tubes rather than static-pressure
tubes in order that the exit losseg might be evaluated. The rear-
most pregsures behind the engine wers measured by static-pressure
tubes behind the intake pipes where the velocity pressure was small;
the differences between this pressure and the front-row baffle-

entrance pressure is considered to be the total pressure drop &cross
the engine installation.

11
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Por closed cowl flans the longitudinal distribution through
the engine is silwmilar at each of the three circumferential locations
because it is chiefly dependent on the absclute value of pressure
drop across,any particular region of the engine (fig. 24). On the
egsumption that the baffle-entrance losses sre negligible, the
average pressure drops across the frout-row heads and barrels were
55 and 40 psrcent of the total pressure drop across the engine,
regpectively, The baffle-exit losses made up the remaining poriion
of the total. In the rear row, the entrance loss for both the lesds
and the berrels was aboubt Z0 percent of the total; the drops across
the heeds and barrels were 65 and 50 percent of the total, respec-
tively, and the exit losses were 15 and 30 percent, respectively.
From a comwarison of the two rows, it is noted that, regardless of
the rear-row entrance losses, the useful pressure drop acrcss the
rear row is roughly 20 percent grsater than that across the front

row. This difference in useful pressure drop across the wwo rows,
if it is egsumed to be a reliable indication of distribution of
cooling-air weight flow, would result in the front-row cylinders

running 10° to 30° F hotter than the rear-row cylinders, dependent
upon operating conditions., Foi* an engine that develops a greater
emount of power in the front row than in the rear row, as reported
by the Army Air Forces in 1943 (Memo. Rep. Ser. No. E7-203- -858),

this cooling-air flow distribution between rows could be of ccnsid-

erable detriment to efficient operation. e

The longitudinal distribution for open cowl flaps is shown in
Tigure 25. The distribution between the front and resr row is very
nearly the same as for closed Tlaps (fig. 24); the difference
between the head and barrel pressure drops, however, became slightly
larger when the flaps were opened.

Comparison of Pressure-Dron Msasurements

L large number of different types of pressure tubs at various
locations have been used in test-stand, wind-tuanel, and flight
tests as an 1index of cooling-air flow through an air-cooled engine.
The locaticn of many of the pressure tubes was duplicated in the
pregsent tests ensbling a comparison of pressure-drop messureuents.
This comparison may be used to facilitate correlation of varlous
cooling investigations that have employed different methods of
measuring pressure drop. The results are tabulated in table III
by listing the various pressure-drop recoverises for open and closed
cowl flaps and by showing the relation hetween the different pres-
sure drops by comparing them with the preasurs drop used in refer-
ence 1 (Apl). The table includes two genergl types of c¢ooling-air

pressure-drop measurement. Methods 1 to S show the difference

12 ————



NACA TN Fo, 1109 . e

between average entrance pressure of Fromt-row cylinders and averege
exit pressure of rear-row cylinders; this type of measurement
includes the losses in the entrance pessages to the rear-row cyl-

inders and in the exlt passages from the front-row cylinders.
Methods 6 to 9 show the difference bhetween the average entrance
and exlt pressures of the individual cylinders, thersby excluding
ths enbtrance- and exit-passage losses., As shown in table III, a
large difference exists emong the various pressure-drop measure-
ments. Across the heads, the largest indicated pressurs drop 1a
almost twice as great as the smelieat one; whereas across the
barrels, the difference is larger. Tke relation betwsen the vari-
ous pressure drope for this installation was little affected by

the cowl-flap position, althougk opening the cowl flaps increased
the value of the Ap/qc ratio roughly 60 percent. The large dif-

ferences in the valusa of preasure drop obiained by different
methods of measurement and the efTect of different installations
on engine cooling-air distribution indicates that good correlation
of the cooling results of like engines in differsent installations

cannot be expected unless the instrumentation and installation
differences are taken into account.

Becauge of the difficulty in accurately measuring ccoling-air
welght flow in a flight investigation, 2 gualitative comparison of
the reliability of tie various pressure-drop methods was imposelble,
even Gthough large differences emong the various measurements were

shovn. The pressure-drop method used in reference 1 (Ap;) gave
the best tohal engine cooling correlation; however, this comparison
is dependent on tke accuracy of the correlstion precedure in
accounting Tor differences in cooling varisbles other then cooling-
air weight flow. Consequently, this procedure is not considerel
sufficiently conclusive for makxing s qualitative comparison of
pressure-drop measursments.

SUIMARY OF RESULTS

From the flight investigation of the engine cooling-alr preos-
sure recovery and distribution of a two-row radial engine enclosed
in a low-inlet-velocity cowling, the following results were obtained;

1. The average front pressure recovery, which was reliatively
low for this engine installation, incregsed with an increase in
airplane speed during ncrmal level flight. -

2. The pressure drcps across the front-row cylinder keads and
barrels for closed cowl flaps were 55 and 40 percexnt, respectively,
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of the differsence between the pressures front end rear of the enginse;

the pressure drops acroas the rear-row heads and berrels were 65 and

50 percent, respectively. e —

3. The static pressures bekind the heads were lower than thosse
behind the berrels; this difference increased when the cowl flaps
were opened, esneciglly JYor the front-row cylinders in the cowl-Tflap
region, This change in redial digtribution with operating candi-
tions wasg smaller than the differsence between individusl cylinders.

4, The pressure distrivbution in front of the engine had littls
effect upon the distribution bekind the engine; however, an increase

in average front pressure recovery resulted in almost as large an
increase in average rear pressure.

5. A change in pressure at the rear of the sngine accomplished o
by varying the cowi-flap area had little effect on the pressure
recovery snd distribution in front of the engine. - m——

6. The general pattern of the circumferential distripution

behind the engine was chiefly determined by the circumferential ]
location of the cowl flaps. e —

7. An increase in angle of abttack of the thrust axis decreased
the front recovery at the top of the engine bhecause of spillage from

the cowliing and separation from the spinner; the alr flow into the
bottom of the cowling remained relatively steady. o

8. An increase in propeller thrust disk-loadlng coefficient
decreased the average front recovery for this installation, o

9. The speed of the propeller had little effect upon the pres-

sure recovery and no effect on the distribution at crulsing power.

10. Large differences, sometimes amounting to 100 percent, were
obtained among the results indicated bty various methods of measuring
pressure drop across the engine. o

CONCLUDING REMARKS LT e

The results of these tests indicate that an important consider-
ation in the design of cowlings and cowl flaps should be the obtaining
of good distridbution of cooling alr as well ag minimum drag for tie

installation; the results further show that the cooling-air fiow
distribution and, consequently, the tempsrature-limited nerformance
of a given engine installstion 1g considerably affected by cowl-

ensrance conditions end circumferential location of +the cowl fiape.

14
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The fact that these tesis showsd that the front recovery
decreased with an increase in propeller thrust disk-loading coeffi-
cient provides additional evidence that the recovery is greatly
affected by the cambined promeller-nacelle design. Also of signi-
ficance 1s that a large increase in front recovery resulted in a
gimilar increase in rear pressure, indicating that an increase in
the front recovery of an slr-cooled engine is not always an effec- .
tive method of increasing the coocling-air weight fiow.,. -7~

Alrcraft Engine Research Laborstory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, December 3, 1945. -
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TABLE I - ENOINE COOLING-AIR PRESSURE-TUBE INSTALLATION

Frep- Circumferentinl location Axial logati Redial iocat.‘l.on
1oL I o
supa Relative location Type Cylinders [Fosition relative oy e e tapgyrs
to oylinder
(a) ¥ (in.)
Hyy |Pront of hend on raie |shielded total head|[2,6,11,16 |Center of oylinder Eg upstream of front-row baffle entrsnce 'J‘gb
Hypy |Fromt of barral on rake |--=~do-==--x=e=scesec|==eodp=o=vn]|=a=do=cmnnnaar= cew |-emdommememnana .- —— Gé
Hypy [Betwaen fin and baffle atiTotal head All Intake side 3/168 downatrosa of baffle-entranse ourl 'li:%
haad=baffls antrance
Hhﬂt mwno===== EEELTEE LTS EEX T CEY. [ EE wummmmcnn seado-=e-=[Canter of oylindar |--~do-~--r-recccrceccncncrcncrnnnacanave I.EE
13
LY | S L E L P s wnsune lnnefgenserramanavan|) 4,5,7,8, |Exhaust side LY Y L L e %
fuze tontis, b
15,17,18
Bypy [Botween fin and vaffie at|---go--ncmm--moee-- a1l Intake side S S — R o
barrel-beffle entrance
3
---dg----- mmmmmem—eme- ame |-eadomammcanaas ~==11,4,8,7,8, |[Exhaust side L e e LOE L R e P
Foze RN I
) 15,17,18
Hyy |Promt of cowl sealing Baffle tap 1,7,18 Centar of oylindar|on baffle butting agalinet sealing ring 14%
ring
Bhl_ Rear of hsad on rake Total head ALl snedgenree-amacess [7/8 downstrean of head fins Vg
ph{ mmmrer e m - wunermwe-es [0logad=-and static wandfamssnlennduescemanacnen [neador-masnms s cnaenanssnmnanrarvasrann 7
EN JRear of barrel on rake Total hoad eendpuaneeleendgeraroncnnaa -= [7/8 downotrean of barrel fins 4&
pb‘ BT, 7 T e el e we=i0losad-end statio weadpriccs [secdprrccacsincaan ll--do---un-----:pn--n—n--—----—--_------- :%
pha' Behind cowl sealing ring [Open-snd static EELY.UED RS EERT. I e e L ==~=11/8 behind head sealing barfle 15%
] sar of barrel bstwasn me=dQ~mcarmaacamana ~==dg-=su=|aacdomeanncncnnaas 1116 behind cylinder barrel 5/
b6 | flange and fins
Phy strasm of sngine mmefdou=vsnnmas-e-ae |[Rear row |In baffle-exit At baffle exit 'ri%
{heads} curl, intake =ide
atreaam of englne R e L mm=dQeesesmumma=n ====0g==memanmrccnmcrcccmancnanrsvs e cnan
Py (barrals) ] STSU
Closed=ond statio |5,11,17 Behind sharge=air ]2 behind intake pipe 10}

Png IDo-n:trau of engine

intake plipe

8340 figure 3 for explanation of aymhols and aubsoripts,
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TABLE II - SUMMARY OF FLIGHT CONDITIONS AND COMPUTED PROPELIER COEFFICIENTS

Airplane conditions Engine conditions Propeller coelriclents
Density|Pressure | Impact Angle of |Cowl-flap|Brake | Englne |8peed- ]Advance-|Thrust disk-
of free|altitude | pressure |attack offangle horse~ | spesd [power diameter|loading
Pigure|air (rt} |(in. water)|thrust deg) |power | (rpm) |coeffi- |ratio coefficient
{slug/ axis cient V/ND Te
cu rt) (deg) Ca
8,9, [0.00205] 3463 16.8 4,5 Cloaed 783 2400 1.878 1.066 0.102
20,21] .00206] 3494 22.0 3.5 a==do~~==] 1012 2392 2.057 l.230 .087
.00205] 3710 £28.9 1.7 =—udQe==={ 1267 2400 2.210 1.380 .072
00204 4504 33.1 1.5 ===dg=-=-=7 1B54% 2418 2,301 1.4890 072
10,11,[0.00206] 3176 22.8 2.7 Closed 1008 2408 ‘| 2.083 1.240 0,082
20,22| .00206) 3198 21.8 2.8 14.5 1017 2414 2.038 1.210 088
00206} 3188 20,6 3.7 27.0 1019 2420 1.981 1.175 007
.00206] 3208 19,7 3.6 Open 1024 2420 1.934 1.148 «104
12,13 |0,Q0129] 18257 14,8 5.1 Closed 823 2420 2,001 1.256 0.101
00126 16322 15,7 4.5 15.0 e1s 2400 2,052 1.320 <103
00127 ] 18289 14,3 5.0 8 916 2400 1.959 1.261 119
00127 | 18240 14,1 5.1 Qpen 916 £400 1,950 1.250 121
14,15,10.002077 3422 22,3 2.9 Closed 101 2400 2,053 1.230 0.085
20,28] .00208] 3494 £2.0 3.3 —=-do~~==] 10182 2392 2,057 1.230 087
.00206] 4820 18.6 51 |---do----| 804 | 2414 | 1.981 | 1.123 .088
18,17 [0.,00207) 6080 10.2 3.7 Open 1026 2410 1,278 0.681 0.274
00208F £112 14.0 1.8 ==—do====| 1023 2408 1,621 870 175
.00206] 65133 7.0 1.8 ===do=e=~=] 1024 2408 1,792 1.072 131
00206 5176 22.4 3.1 —=~do=~e~| 1083 2404 2.055 1.282 »088
18,19,10.00208] 3886 21.7 S Closed 1013 1806 2.273 1.610 0,088
£0 .00205] 36686 21.5 3.4 c==do~--=={ 1010 1096 2.117 1.457 .087
00205 3886 21.8 3.4 wsefigm=e=1 1017 2200 2.204 1.387 <068
«.00206] 3886 22.3 3.1 ===do-=-~| 1020 2388 2,085 1.234 1 089
«00205] 3886 20,8 Sed ~--do---=| 1008 2504 1,933 1.108 «087
2d 0.00206) 3178 22.8 2,7 Clased 1068 2408 2,083 1.240 0.082
256 0.00206] 3208 19.7 3.6 QOpsn 1024 2420 1.934 l.148 0.104
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TABLE III - COMPARISON OF VARIOUS PRESSURE-DROP MEASUREMENTS
[A1t1tude, s000 rt]

dp/ﬁg AP;E
Presasure=- Cowl Cowl |Cowl Cowl
drop flaps |flapsa]lflaps |flaps
method closed] full |closed|full
Ap open open
Head
7 H + H
hel het
ay <—T——>rr- (Phe)pp 0.28 | 0445 | 1.00 |1.00
H + H
h2i h2t
S —— - 0. 0. ol 1011
2 ( ) >.f.‘r (Phs)rr 33 50 { .18
H + H .
3 <M> .= (Ppp) 0.29 |0.45 | 1.0¢ |1.00
2 n rr
H + +
4 (—hz—i-z—ﬂl’?ﬁ) -(phs ph") 0.31 |0.48 | 1.11 |1.07
I 2 rr
H + H
h2l h2t
5 <—T—>rr' (Hm)rr 0.25 |0.42 | 0.89 |0,93
+ H
6 G_‘m___na_«;) - (Ppal,, 0.22 |0.34 | 0.79 |0.76
2 ae
Hh21+Hh2t>
7 <__é-—a_.g. (Png),, 0.30 |0.46 | 1.07 [1,02
H + H
8 <..E2_1_§_.h2£> © (Hpy) 0.18 |0.30 | 0.64 |0.67
ae ae
9|5, - Pne, 0.24 {0.37 | 0.86 |0.82
e
Barrel
a Hbzirr - pr 0024 0040 1-00 1.00
rr
Hbeifr - pberr 0.26 0.,42 l.08 |1.,08
3 Ebgirr- pbvrr 0.27 [0.43 | 1,12 |1.07
+
4 -Q—’E—ﬁl> 0.26 {0.42 | 1,08 |1.08
Hb21fr 2
5 Hb21r - Hb4 . ' 0017 0031 0.71 0.77
r rr
6 Bbziae - pb‘ae 0016 0027 0067 0068
7 Hozi_, - Pog 0.16 [0.26 | 0.67 [0.68
ae
8 |H - H 0.10 |0.19 0.42 | 0.48
b21ae béd
b -
] Hbl pM‘e 0.1 | 0.30 0.72 | 0.75

Apresgure-drop method used in refersnce 1.
PFront of cylinders 2, 6, 11, and 16 only,
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Fig. 6 NACA TN No. 1109 v
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Engine cooling-air pressure
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Figure 25. - Longitudinal pressura distribution for open cowl fiaps.
Density altitude, 5000 feet; free-stream impact pressure, 20 inches
water; angle of attack of thrust axis, 3.69; thrust disk-loading

coefficient, 0.10; propeller speed, 1200 rem.



